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by Ca2-calmodulin (Ca2/CaM), and sensitivity to L-cisUniversity of Washington School of Medicine
diltiazem (Bauer, 1996; Chen et al., 1993, 1994; Hsu andSeattle, Washington 98195
Molday, 1993, 1994; Korschen et al., 1995; Shammat
and Gordon, 1999). These properties closely mirror the
properties of native rod CNG channels (Yau and Baylor,Summary
1989).
While the composition of the native rod channel isPhototransduction relies on the precise balance of
well established, the stoichiometry of the different sub-speed and sensitivity to achieve optimal performance.
units is not. Two different studies have reported a stoi-The cyclic nucleotide-gated (CNG) ion channels, with
chiometry of 2 CNGA1 subunits and 2 CNGB1 subunits,their Ca2 permeability, high sensitivity to changes in
though with differing arrangements (He et al., 2000;cytosolic cGMP, rapid gating kinetics, and Ca2-cal-
Shammat and Gordon, 1999). To determine the stoichi-modulin modulation, are beautifully optimized for their
ometry of the heteromeric channels more directly, werole in light detection. Many of these specializations
have used an approach based on fluorescence reso-come about from the heteromeric composition of the
nance energy transfer (FRET). FRET reports the proxim-native channel, comprised of CNGA1 and CNGB1 sub-
ity of two fluorophores (Selvin, 1995). Light energy ab-units. However, the stoichiometry and arrangement of
sorbed by a donor fluorophore is transferred to a nearbythese subunits is unknown. Here we have used an
acceptor fluorophore whose absorption spectrum over-approach based on fluorescence resonance energy
laps the emission spectrum of the donor. The efficiencytransfer (FRET) to determine the composition of the
of energy transfer falls off with the sixth power of theintact functional channel in the surface membrane.
distance between the donor and acceptor molecules,We find, surprisingly, that the channel contains three
making FRET a sensitive reporter of proximity.CNGA1 subunits and only one CNGB1 subunit. These
For these experiments, the donor fluorophore (eCFP)results have implications for CNG channel function
and acceptor fluorophore (eYFP) were geneticallyin particular and assembly of membrane proteins in
attached to the carboxyl or amino terminus of differentgeneral.
CNG channel subunits. The fluorescent proteins eCFP
and eYFP have previously been shown to function as aIntroduction
FRET pair with a distance for 50% transfer efficiency
(Ro) of approximately 50 A˚ (Miyawaki et al., 1997; Pat-CNG channels are members of the voltage-activated
terson et al., 2000). This distance makes them optimalfamily of channels (Zagotta and Siegelbaum, 1996). Like
for reporting the presence of two fluorophore-containingthe voltage-activated K channels, CNG channels are
subunits in the same channel. To determine the stoichi-composed of four subunits around an aqueous pore.
ometry of the heteromeric channels, we have performedEach subunit contains six transmembrane segments
two sets of experiments (Figure 1A). To test for the
(S1–S6) and a pore-forming P loop between S5 and S6.
presence of two or more CNGA1 subunits in the hetero-
In addition, each subunit contains a cyclic nucleotide
meric channel, we have coexpressed CNGA1-eCFP,
binding domain in the carboxy-terminal region. While CNGA1-eYFP, and CNGB1 in Xenopus oocytes (Figure
several of the CNG channel subtypes express function- 1A, left). The presence of a FRET signal (red arrows)
ally as homomers in exogenous expression systems, all indicates the occurrence of both CNGA1-eCFP and
of the native channels that have been identified to date CNGA1-eYFP in the same channel. Similarly, to test for
are heteromeric, composed of two or three different the presence of two or more CNGB1 subunits, we have
subunit types (Bonigk et al., 1999; Bradley et al., 1994, coexpressed CNGA1, CNGB1-eCFP, and CNGB1-eYFP
1997, 2001; Chen et al., 1993, 1994; Korschen et al., (Figure 1A, right). Since the channel is known to be a
1995; Liman and Buck, 1994; Munger et al., 2001; Sautter tetramer and homomeric channels do not form apprecia-
et al., 1998). The native CNG channel in rod photorecep- bly under our conditions (see below), these experiments
tors, in particular, contains both CNGA1 (formerly CNG1; are sufficient to establish the stoichiometry of the heter-
Rod ) and CNGB1 (formerly CNG4; Rod ) subunits omeric channel. FRET in only the first experiment indi-
(Chen et al., 1993, 1994; Kaupp et al., 1989; Korschen et cates a stoichiometry of 3 CNGA1 : 1 CNGB1. FRET in
al., 1995). While the CNGA1 subunit can form functional only the second experiment indicates a stoichiometry
homomeric channels, the CNGB1 subunit alone is not of 1 CNGA1 : 3 CNGB1. FRET in both experiments indi-
functionally expressed at the membrane surface (Chen cates a stoichiometry of 2 CNGA1 : 2 CNGB1.
et al., 1993; Kaupp et al., 1989). However, when coex-
pressed with the CNGA1 subunit, the CNGB1 subunit Results and Discussion
is coassembled into heteromeric channels that are traf-
The fluorescence signal from fluorophore-containing
channels expressed in Xenopus oocytes was measured1Correspondence: zagotta@u.washington.edu
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Figure 1. Determination of Channel Stoichi-
ometry with FRET
(A) Possible stoichiometries and prediction
for FRET. The CNGA1 subunits are black, the
CNGB1 subunits are gray, the eCFP is cyan,
and the eYFP is yellow. FRET is indicated by
a red arrow.
(B and C) Spectral quantification of FRET effi-
ciency. Emission spectra measured from oo-
cytes expressing CNGA1-eCFP and eYFP-
CNGB1 (B) and CNGA1-eYFP (C) are color
coded as follows: red, 458 nm excitation;
black, 488 nm excitation; blue, eCFP emis-
sion spectrum from CNGA1-eCFP; green,
subtracted spectrum (difference between red
and blue).
(D and E) RatioA (D) and RatioA0 (E) as func-
tions of wavelength.
using confocal microscopy. This approach has the ad- (F458, green line) to the eYFP spectrum from the same
oocyte with direct excitation with a 488 nm laser (F488,vantage that fluorescence could be measured from only
the surface membrane where mature, properly assem- black line) was calculated as RatioA (Figure 1D). RatioA
was independent of wavelength, confirming that thebled channels were located. FRET was measured as
emission of the acceptor (eYFP) during donor (eCFP) eCFP component was properly subtracted, and we were
operating in the linear range of the detector. The RatioAexcitation with a 458 nm laser (Figure 1B, red line). Be-
cause of overlap in the eCFP and eYFP spectra, how- component due to direct excitation of eYFP (RatioA0)
was measured directly from control oocytes expressingever, the measured eYFP emission due to FRET is al-
ways contaminated by both direct excitation of eYFP at only eYFP-tagged channels (CNGA1-eYFP) (Figures 1C
and 1E) and subtracted from RatioA, yielding a value458 nm and by eCFP emission in the eYFP range. To
overcome this problem, we quantified FRET efficiency (RatioARatioA0) that was directly proportional to FRET
efficiency.using a spectrum approach (Figure 1B) that eliminated
these contaminations as well as errors due to differ- The results of the experiments outlined above are shown
in Figure 2. Coexpression of CNGA1-eCFP, CNGA1-eYFP,ences in channel density across experiments (Clegg,
1992; Selvin, 1995). The eYFP emission spectrum was and CNGB1 produced a significant FRET signal, with
an efficiency similar to coexpression of CNGA1-eCFPextracted by subtracting the eCFP component using a
scaled eCFP spectrum collected from control oocytes and CNGA1-eYFP alone (Figure 2). The FRET efficiency
was similar over a range of expression levels, suggestingexpressing only eCFP-tagged channels (CNGA1-eCFP)
(Figure 1B, blue line). The ratio of the extracted spectrum that FRET occurred between CNGA1 subunits in the
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For the experiments presented above, the fluorescent
proteins were fused to the carboxyl terminus of the CNGA1
and CNGB1 subunits. We have repeated the experiments
with the fluorescent proteins fused to the amino-terminal
region of CNGB1, just N-terminal to the Ca2/CaM bind-
ing domain. As shown in Figure 2, coexpression of
CNGA1, eCFP-CNGB1, and eYFP-CNGB1 also failed to
show appreciable FRET despite showing significant lev-
els of eCFP-CNGB1, and eYFP-CNGB1 fluorescence
and heteromeric channel expression (Figure 3, Table 1).
Furthermore, coexpression of CNGA1-eCFP and eYFP-
CNGB1 produced a large FRET signal (Figure 2), show-
ing that the eYFP-CNGB1 subunit is assembled into
heteromeric channels and capable of producing FRET.
The slightly larger FRET signal is consistent with the
expectation that each eYFP-CNGB1 would be coassem-
bled with three CNGA1-eCFP subunits. Consistent with
this interpretation, coexpression of CNGA1-eYFP and
eCFP-CNGB1 produced a smaller FRET signal (RatioA
RatioA0  0.12  0.017 [n  5]).
The absence of a FRET signal with the CNGB1 fusion
proteins might result from an unfavorable distance or
orientation between the fluorophores attached to
CNGB1. This seems unlikely, however, for several rea-
sons: (1) significant levels of FRET are seen between
CNGA1 subunits and between CNGA1 and CNGB1 sub-
Figure 2. Summary of FRET Efficiency Measurements units, (2) the absence of FRET between CNGB1 subunits
Mean values of (RatioA  RatioA0) and SEM are shown, with the is observed with fluorophore attached to two different
number of measurements given in parentheses. These values are
regions of CNGB1, (3) anisotropy measurements ofproportional to the FRET efficiency.
eYFP-CNGB1 suggest that the fluorophores are highly
mobile (data not shown), and (4) the channel is expectedsame channel as opposed to CNGA1 subunits in differ-
to be about 50 A˚ in diameter, and our FRET assay shouldent channels (data not shown). Figure 3 shows that these
be sensitive to distances of up to 80 A˚. The absence ofheteromeric channels have the expected composition.
a FRET signal with the CNGB1 fusion proteins mightThe presence of both CNGA1-eCFP and CNGA1-eYFP
also result if the CNGB1 fusion proteins expressed abun-is indicated by the high levels of fluorescence seen with
dantly as monomers on the membrane surface. Thisdirect excitation of eCFP (458 nm) and eYFP (488 nm)
is extremely unlikely given the robust FRET seen with(Figure 3A). In addition, the presence of the CNGB1
coexpression of CNGA1-eCFP and eYFP-CNGB1 (Fig-subunit in the heteromeric channels is indicated by func-
ure 2) and the lack of detectable surface expressiontional measurements. These heteromeric channels ex-
of eYFP-CNGB1 alone (data not shown). These resultshibited a high cAMP efficiency relative to homomeric
indicate that the absence of a FRET signal with theCNGA1 channels (Shammat and Gordon, 1999; Trudeau
CNGB1 fusion proteins did not result from an unfavor-and Zagotta, 2002a) and are modulated by Ca2/CaM
able distance or orientation between the fluorophoresunlike the homomeric channels (Figures 3B and 3C, Ta-
or monomer expression, but instead reflects the pres-ble 1; Chen et al., 1994; Trudeau and Zagotta, 2002b).
ence of only a single CNGB1 subunit in the heteromericThese values of cAMP efficiency and Ca2/CaM modula-
channel.tion are similar to those reported for a homogeneous
The occurrence of FRET between CNGA1 subunitspopulation of heteromeric channels (Shammat and Gor-
but not between CNGB1 subunits leads to the cleardon, 1999; Trudeau and Zagotta, 2002b) and for native
and unexpected conclusion that the intact heteromericchannels in rod photoreceptors (Table 1; Gordon et al.,
channel has a stoichiometry of 3 CNGA1 subunits and1995; Picco et al., 1996; Rebrik and Korenbrot, 1998;
1 CNGB1 subunit. This conclusion is contrary to twoTanaka et al., 1989). Together, these results indicate
earlier studies, using intersubunit metal coordinationthat the heteromeric channel must contain at least two
and tandem dimer constructs, that reported a stoichiom-CNGA1 subunits.
etry of 2 CNGA1 subunits and 2 CNGB1 subunits (HeSurprisingly, coexpression of CNGA1, CNGB1-eCFP,
et al., 2000; Shammat and Gordon, 1999). Furthermore,and CNGB1-eYFP did not produce a FRET signal signifi-
it is unexpected because the P loop-containing familycantly different from oocytes expressing eYFP-con-
of channels, of which CNG channels are a member, aretaining subunits alone. This is despite the fact that these
generally thought to have a four-fold symmetric struc-oocytes showed significant levels of both CNGB1-eCFP
ture around the central pore (Doyle et al., 1998). It hasand CNGB1-eYFP fluorescence and robust expression
also been suggested that CNG channels may functionof functional heteromeric channels similar to coexpres-
as a pair of dimers with two-fold axes of symmetry (Liu etsion of CNGA1-eCFP, CNGA1-eYFP, and CNGB1 (Figure
al., 1998). However, the occurrence of only one CNGB13, Table 1). These results suggest that the heteromeric
rod channel only contains a single CNGB1 subunit. subunit would constitute a break in both of these sym-
Neuron
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Figure 3. Confirmation of Channel Composition
(A) Pseudocolor images of oocytes showing eCFP fluorescence (excitation, 458 nm; emission, 485–490 nm) and eYFP fluorescence (excitation,
488 nm; emission, 525–530 nm).
(B) Currents activated by saturating (16 mM) cAMP (blue) and saturating (2.5 mM) cGMP (black) (IcAMP/IcGMP).
(C) Currents activated by subsaturating (30 M) cGMP in the presence of Ca2/CaM (red) and in the absence of Ca2/CaM (black)
(ICa/CaM/I ).
Experimental Proceduresmetries. This break in symmetry also has profound impli-
cations for channel assembly and trafficking.
The bovine rod cyclic nucleotide-gated channel cDNAs for CNGA1The CNGB1 subunit is directly responsible for many
(formerly CNG1; Rod ) and CNGB1 (formerly CNG4; Rod , kindly
functional specializations of the rod channel, including provided by R. Molday) (Korschen et al., 1995) used here were
altered permeation and block by Ca2, more rapid sin- previously described (Trudeau and Zagotta, 2002a). eCFP (en-
hanced cyan fluorescent protein) and eYFP (enhanced yellow fluo-gle-channel kinetics, a 10-fold increase in the current
rescent protein; kindly provided by R. Tsien) (Miyawaki et al., 1997)activated by cAMP, and modulation by Ca2/CaM
were genetically attached to the carboxy-terminal end of both(Bauer, 1996; Chen et al., 1993, 1994; Hsu and Molday,
CNGA1 and CNGB1 subunits (denoted CNGA1-eCFP, CNGA1-
1993, 1994; Korschen et al., 1995; Shammat and Gordon, eYFP, CNGB1-eCFP, and CNGB1-eYFP) and to the amino-terminal
1999). It remains to be seen how a single subunit can end of CNGB1 subunit after removing the glutamic acid-rich protein
(GARP) sequence (amino acids 2–676) (denoted eCFP-CNGB1 andproduce such profound alterations in channel behavior.
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Table 1. Properties of Wild-Type and eCFP- and eYFP-Containing CNG Channels
Channel IcAMP/IcGMP ICa/CaM/I
CNGA1 0.025  0.003 (5) ND
CNGA1  CNGB1 0.21  0.02 (12) 0.53  0.004 (4)
CNGA1-eCFP  CNGA1-eYFP 0.050  0.01(4) 0.97  0.05 (3)
CNGA1-eCFP  CNGA1-eYFP  CNGB1 0.14  0.002 (3) 0.53  0.05 (3)
CNGA1  CNGB1-eCFP  CNGB1-eYFP 0.19  0.06 (3) 0.56  0.01 (3)
CNGA1  eCFP-CNGB1  eYFP-CNGB1 0.20  0.06 (4) 0.49  0.02 (3)
CNGA1-eCFP  eYFP-CNGB1 0.29  0.07 (4) 0.56  0.07 (3)
Native rod CNG channel 0.2–0.4a 0.5b
Ratio of the current activated by saturating cAMP to the current activated by saturating cGMP (IcAMP/IcGMP), and the current activated by
subsaturating cGMP in the presence of Ca2/CaM to the current in the absence of Ca2/CaM (ICa/CaM/I ). Currents were measured at 60 mV,
and ratios are expressed as mean  SEM (n).
a Picco et al., 1996; Tanaka et al., 1989
b Gordon et al., 1995; Rebrik and Korenbrot, 1998
eYFP-CNGB1). The eCFP and eYFP-containing channels exhibited with different spectral properties (see Figure 3). Furthermore, oo-
cytes injected with eCFP and eYFP fused to two noninteractingfunctional behavior indistinguishable from channels without fluores-
cence proteins attached (see Table 1). They were made with a PCR- membrane proteins, a CNG channel subunit and the cannabinoid
receptor CB1, respectively, showed no FRET signal (data notbased method and confirmed with fluorescence-based sequencing.
The cDNAs were subcloned into the pGEMHE vector (a gift from E. shown). A narrow range of PMT gain was used to ensure linearity,
which was checked by calculating FRET efficiency in a wavelengthLiman) for expression in Xenopus oocytes. RNA for oocyte injection
was made with the Message Machine kit (Ambion, Austin, TX). range covering both strong and weak eYFP emission (see Figures
1D and 1E).Xenopus oocytes were microinjected with a mixture of CNG chan-
nel RNAs and incubated for 5–8 days at 16C prior to recording. An Quantification of FRET efficiency between eCFP and eYFP is com-
plicated by the fact that, in general, emission at the acceptor wave-RNA ratio of 1:4 was used for coexpression of CNGA1 and CNGB1
subunits. This produced a pure population of heteromeric channels length contains three components: eYFP emission due to FRET,
eYFP emission due to direct excitation at 458 nm, and eCFP emis-(Shammat and Gordon, 1999), which was confirmed with functional
measurements (Figure 3, Table 1). An RNA ratio of 2:1 was generally sion. We chose a spectra approach to remove contaminations due
to donor emission and direct excitation of the acceptor (see Figuresused for coexpression of eCFP and eYFP constructs. The excess
eCFP-tagged subunits ensured that each eYFP-tagged subunit was 1B and 1C). This method also eliminated errors arising from variation
in the quantum yield of the acceptor or in the concentration ofnext to an eCFP-tagged subunit and contributed to FRET during
energy transfer. Incorporation of each subunit type was confirmed total fluorescence molecules (Clegg, 1992; Selvin, 1995). An eCFP
spectrum collected from eCFP-containing channels (CNGA1-eCFP)by fluorescence intensity from the fluorescent protein attached to
the subunit, as well as by electrophysiological properties (Figure 3, was recorded and used to subtract the component of eCFP emission
from spectra taken from eCFP/eYFP samples with 458 nm excita-Table 1).
The electrophysiological recordings from the oocytes were done tion. This yielded a subtracted eYFP emission spectrum, F458, that
had two components: one due to direct excitation, Fdirect458 , and oneas previously described (Trudeau and Zagotta, 2002a). Macroscopic
ionic currents were recorded in the inside-out configuration of the due to FRET, FFRET458 . F458 was normalized by the eYFP emission with
488 nm excitation, F488. The resulted ratio, termed RatioA, can bepatch-clamp technique using an Axopatch 200A patch-clamp ampli-
fier (Axon Instruments, Foster City, CA) and digitized with an ITC- expressed as
16 computer interface (Instrutech, Great Neck, NY). Currents were








F488mV in the presence of the indicated solution, and the leak current
in the absence of cyclic nucleotide was subtracted. Data were ac-
The direct excitation component, Fdirect458 /F488, termed RatioA0, wasquired and analyzed with PULSE software (HEKA) with additional
experimentally determined with eYFP-containing channels (CNGA1-
analysis using IGOR software (Wavemetrics, Lake Oswego, OR) run-
eYFP). The difference between RatioA and RatioA0 is directly propor-ning on a Pentium PC. Internal (bath) solutions were applied with
tional to FRET efficiency.
an RSC-100 solution changer (Molecular Kinetics, Pullman, WA) and
contained 130 mM NaCl, 3 mM HEPES, 0.2 mM EDTA (pH 7.2).
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